for the fi rst 8 weeks of life, but eventually die of end-stage renal disease [1] . Histological examination of kidneys at earlier time points reveals a mononuclear cell infi ltrate and tubular dilatation with proteinaceous casts in cortical areas, which with time expands throughout the entire kidney and leads to renal failure [2] [3] [4] . The disease can be transferred from kd/kd mice by bone marrow cells to lethally irradiated recipients [2] , and there is evidence for an MHC-restricted effector T cell response directed against a tubular basement membrane (TBM) antigen [3] . Nevertheless, multiple autoimmune pathways are involved, as doubly mutant mice with both the Rag-1 -/-and kd/kd genotypes develop nephritis as readily and severely as kd/kd controls [5] , indicating that neither functional B nor T cells are required for this phenotype. Glomerular abnormalities typically occur as kd/kd mice age, and this has been attributed to secondary consequences of renal failure and severe interstitial disease [2] .
Recent elucidation that the kd allele has a missense mutation in a gene encoding a prenyltransferase-like mitochrondrial protein provided further pathogenic clues, as both renal tubular epithelial cells and hepatocytes were shown to have mitochrondrial abnormalities [6] . These fi ndings raised the possibility that the autoimmune response was secondary to a primary epithelial defect and that other epithelia could be involved. In this regard, podocyte abnormalities have been observed late in disease [7] , though it was uncertain whether this was due to either a primary glomerular epithelial defect or secondary to the pathologic events resulting from hyperfi ltration and advancing renal failure. We now report that mutant mice develop visceral epithelial abnormalities, characterized by hyperplasia and effacement, associated with proteinuria. Furthermore, in some animals the pathology is observed prior to either elevation of the BUN levels or histologic evidence of severe interstitial disease. The results indicate that the podocytes are primarily affected by the kd/kd genotype independently of the interstitial nephritis, and that they contribute to pathogenesis of nephritis and disease progression.
Materials and Methods

Mice
All experiments were conducted according to NIH and institutional guidelines. The CBA/CaH-kd line no longer exists, so a new line was derived by transferring the kd allele to the C57BL/6J (B6) background with selection for closely linked markers [6, 8] . These mice develop severe interstitial nephritis and die from renal failure according to a pattern that appears indistinguishable from that of their CBA/CaH-kd/kd counterparts. Homozygous mice obtained after 12 generations of backcrossing are designated B6.CBACaH(CAST)-kd/Upa (B6. kd/kd ). The B6. kd/kd,Rag-1 -/-double mutants were previously described [5] .
Mice were maintained in a 12-hour light-dark cycle at 22 ° C, provided water ad libitum, and were fed a standard rodent chow (LabDiet, Richmond, Ind., USA, 5001; 4.5% fat, 49.9% carbohydrate, 23.4% protein; 4 kcal/g).
Histology
Mutant and control mice were sacrifi ced, and their kidneys were evaluated for glomerular and tubular pathology. The frequencies of global and segmental glomerulosclerosis and of glomerular visceral and parietal epithelial hyperplasia were evaluated along with tubulointerstitial atrophy on a 0-4+ scale by a single observer (J.E.T.) who was blinded to the origin of the specimens. For this purpose, 50 glomeruli from each animal were evaluated and the frequency of global and segmental glomerulosclerosis, glomerular epithelial hyperplasia, tubular atrophy and tubular infl ammation were determined.
For electron microscopy, tissue samples were fi xed and processed as previously described [6] . All sections were examined in a JEOL 1010 electron microscope, and digital images were recorded with a Hamamatsu camera system.
Chemistries
Serum triglyceride, cholesterol and nonesterifi ed fatty acid (NEFA) were measured using colorimetric assays (Wako Chemicals, Richmond, Va., USA; Stanbio Laboratories, Boerne, Tex., USA), as described [9] . Pooled serum samples from wild-type and kd/kd mice were subjected to fast-performance liquid chromatography (FPLC) analysis [10] . Urine was collected from mice maintained for 24 h in metabolic cages, and albuminuria was measured by quantitative ELISA (Bethyl Laboratories, Inc., Montgomery, Tex., USA).
Statistics
The lipid values showed a normal distribution, and were analyzed by the t test. As the urine albumin measurements were not normally distributed, they were analyzed using a nonparametric method (the two-tailed Mann Whitney U test).
Results
kd/kd Mice Develop Biochemical Features Typical of the Nephrotic Syndrome in Late Stages of Disease
As shown in fi gure 1 , albuminuria rose dramatically in the B6. kd/kd mice as the mice aged ( fi g. 1 a). There was no signifi cant difference between B6 and B6. kd/kd in the urine albumin before 90 days of age (p = 0.125), but in the age group of 90-140 days, the difference was significant (p ! 0.05), and it became even more signifi cant over 140 days of age (p ! 0.01). A decrease in serum albumin levels occurred in the B6 .kd/kd mice by 150 days ( fi g. 1 b; p = 0.014). In mice with more advanced disease, lipid abnormalities, which are typical of the nephrotic syndrome in mice, were observed. In the mice shown in fi gure 2 (152 8 16 days of age), serum triglyceride and cholesterol levels were signifi cantly higher in B6. kd/kd mice than in B6 controls.
The rise in cholesterol was confi rmed in FPLC, showing increased very low density lipoprotein (VLDL), intermediate density lipoprotein (IDL) and high density lipoprotein (HDL) levels in kd/kd mice ( fi g. 3 ). The greatest increase is in the HDL-bound fraction, typical of nephrotic mice. This is in contrast to what would be observed in humans, as the lipid profi le of mice is quite different from that of humans, since cholesterol circulates mostly as HDL cholesterol in mice. Nonesterifi ed fatty acids were not different between wild-type and kd/kd mice (data not shown).
Proteinuria and Podocyte Effacement Occur in Some kd/kd Mice prior to Elevated BUN Levels
As kd/kd mice age there is severe interstitial nephritis, and this is associated with elevated BUN levels greater than 100 mg/dl (data not shown). However, it appeared that some mice had glomerular pathology prior to the onset of severe interstitial disease, so we investigated a cohort of animals in the age range in which this appeared to occur. In table 1 are the results from mice of four different genotypes, all of which were within 90-140 days of age. All of the kd/kd mice had BUN levels that were within the normal range observed among the B6 controls (less than 35 mg/dl). However, both groups of mice with homozygous mutant genotypes had signifi cant albuminuria in comparison to the B6 controls (p = 0.004 for B6. kd/kd ; p = 0.009 for B6. microscopy, glomerular visceral and parietal epithelial hyperplasias were observed, most frequently at the corticomedullary junction. All of the B6. kd/kd mice had visceral/parietal (V/P) epithelial hyperplasia as well as interstitial fi brosis and cortical infl ammation; all 5 of the B6. kd/kd,Rag-1 -/-mice had interstitial fi brosis and cortical infl ammation, and 4 also had V/P epithelial hyperplasia; 2 of the B6. kd/+,Rag-1 -/-mice had V/P epithelial hyperplasia, interstitial fi brosis, and cortical infl ammation ( table 1 ) . Furthermore, there was diffuse effacement of foot processes along with visceral epithelial hyperplasia, despite the paucity of interstitial infi ltrates. A representative section is shown in fi gure 4 .
Discussion
The current results demonstrate that the genetic defect in kd/kd mice, previously shown to affect renal tubular epithelium [6] , also involves glomerular epithelial cells, with mutant mice developing signs of the nephrotic syndrome [11] . Support for a primary glomerular epithelial defect is provided by the observation that in relatively early stages of disease (90-140 days of age), when all mice have BUN levels within the normal range, some kd/kd mice have heavy albuminuria, which is a sign of glomerular epithelial injury [12] . Furthermore, in this subgroup, there were visceral epithelial abnormalities, which were present prior to the occurrence of severe interstitial disease.
With advancing disease, the podocytes in kd/kd kidneys show de novo expression of cyclin D1, Ki-67 and desmin, with loss of synaptopodin and WT-1 expression, and this is associated with typical pathologic features of focal segmental glomerulosclerosis [7] . Nevertheless, in the context of the present observations, it is highly likely that mitochondrial abnormalities in kd/kd podocytes per se accelerate disease progression, even in mice in which interstitial nephritis may have been the predominant initial feature. In this situation, glomerular proteinuria would also be expected to contribute to ongoing interstitial infl ammation, further accelerating disease progression.
The lack of glomerular infl ammation early in the course of disease is consistent with the initial pathology in podocytes. This resulted in epithelial hyperplasia, effacement of foot processes and proteinuria. Presumably immune cells cannot traverse the glomerular capillary wall at this stage, since its integrity is intact. Nevertheless, with more advanced nephritis and disruption of glomerular and capsular basement membranes, there was cellular infi ltration, with overt glomerulonephritis. With over- whelming interstitial infl ammation and heavy proteinuria, cells either migrate in from the infl amed interstitium and/or are recruited from the bloodstream into the more severely injured glomeruli.
The immunological contribution to this disease was further dissected by placing the kd/kd genotype on the Rag-1 -/-background. Although these mice have no functional CD4+ or CD8+ T cells, they nevertheless develop the phenotype characteristic of kd/kd mice [5] . Particularly relevant to the present conclusions, all of the B6. kd/ kd,Rag-1 -/-mice developed albuminuria and visceral epithelial abnormalities. In fact, albuminuria, V/P epithelial hyperplasia, interstitial fi brosis and cortical infl ammation were even observed in most of the B6. kd/+, Rag-1 -/-heterozygotes ( table 1 ). The observation that kd/kd mice, and even most kd/+ heterozygotes, with a Rag-1 -/-background develop nephritis without a functional system of adaptive immunity supports the importance of an initial epithelial defect, unrelated to the immune system.
The development of severe hyperlipidemia most likely resulted from the nephrotic syndrome, since it was only observed in animals with proteinuria. The lipid profi le of these animals is typical of that observed in rodents with the nephrotic syndrome, for example, in nephrotoxic nephritis [13] . Nevertheless, we cannot exclude a contribution from the prenylation defect per se, and this will require future study to sort out such a potential contribution.
How a mutation in the PLMP gene leads to this cascade of events is not clear. Defects in the mitochondria of renal tubular epithelium [6] as well as the podocytes [7] have been demonstrated, so it is tempting to speculate that these defects lead to apoptosis and/or necrosis, which, in turn, stimulate either interstitial infl ammation or proteinuria. Differences in pathology in these compartments may be related to access of infl ammatory cells and functional properties of the region within the kidney. For example, early in disease, apoptotic tubular cells may more readily recruit infl ammatory cells, whereas overt glomerulonephritis may not occur until there is either disruption of the glomerular capillary wall or cells migrate across Bowman's capsule from the interstitium. However, this has not been established experimentally, and targeted deletion studies will be needed to resolve this issue.
Apoptotic cell death does not normally induce an infl ammatory response in contrast to necrosis [14] , but apoptosis and necrosis are at opposite ends of a continuum, and mitochondrial permeability transition can be involved in both apoptosis and necrosis. Massive induction of permeability transition can lead to primary necrosis before apoptogenic proteases can come into action [15] . If bioenergetic catastrophe occurred in renal epithelial cells of kd/kd mice under appropriate conditions, cells that became necrotic could induce an infl ammatory response. By contrast, renal epithelial cells not confi ned by special constraints could become detached from the basement membrane and lost in the urine, with the reduction of podocytes leading to proteinuria [16] .
